Background: Flavodiiron proteins (FDPs) are O 2 and/or NO reductases. Results: Point mutations, near the active site of an Entamoeba histolytica O 2 -selective FDP, result in increased NO reductase activity and faster inactivation in the reaction with O 2 . Conclusion: Residues close to the FDPs diiron site modulate the preference toward O 2 or NO. Significance: We unravel molecular determinants of substrate specificity in enzymes affording resistance to oxygen and/or nitric oxide.
Flavodiiron proteins (FDPs) are a family of enzymes endowed with bona fide oxygen-and/or nitric-oxide reductase activity, although their substrate specificity determinants remain elusive. After a comprehensive comparison of available three-dimensional structures, particularly of FDPs with a clear preference toward either O 2 or NO, two main differences were identified near the diiron active site, which led to the construction of site-directed mutants of Tyr 271 and Lys 53 in the oxygen reducing Entamoeba histolytica EhFdp1. The biochemical and biophysical properties of these mutants were studied by UVvisible and electron paramagnetic resonance (EPR) spectroscopies coupled to potentiometry. Their reactivity with O 2 and NO was analyzed by stopped-flow absorption spectroscopy and amperometric methods. These mutations, whereas keeping the overall properties of the redox cofactors, resulted in increased NO reductase activity and faster inactivation of the enzyme in the reaction with O 2 , pointing to a role of the mutated residues in substrate selectivity.
Flavodiiron proteins (FDPs) 4 form a protein family with a relevant role in the response to oxidative and nitrosative stress in a wide range of organisms (1) (2) (3) (4) (5) (6) (7) (8) (9) , affording protection against oxygen and/or nitric oxide (NO) by reducing these species to water or nitrous oxide (N 2 O), respectively. In pathogens, FDPs were suggested to enable survival in the hostile environment encountered during host infection, contributing to the detoxification of O 2 , particularly in the gut (10, 11) , and of NO produced by the host immune response (12) (13) (14) (15) (16) . Although most known FDPs are encoded in the genomes of prokaryotes, several examples are found in multicellular and unicellular eukaryotes (6, 10, (17) (18) (19) (20) (21) . Among the latter, the enzymes from the anaerobic protozoan pathogens Giardia intestinalis (10) , Trichomonas vaginalis (20) , and Entamoeba histolytica (Fdp1) (11) have been investigated.
All FDPs share a common structural unit composed by two domains (the flavodiiron core, herein designated FDP-D), which constitutes the signature of these enzymes and defines the simplest class of FDPs (class A according to Ref. 1) : an N-terminal metallo-␤-lactamase-like domain harboring the catalytic diiron site, followed by a short chain flavodoxin-like domain containing a flavin mononucleotide (FMN) (2, 4, 10, (22) (23) (24) . The three-dimensional structures revealed also that a "head to tail" dimeric arrangement is a pre-requisite for enzymatic function, allowing a close proximity between the FMN and the diiron center from opposing monomers, whereas within each monomer the minimal distance between the two cofactors is about 30 Å, precluding efficient electron transfer.
The iron ligands are highly conserved (2, 4) , except in the enzymes from oxygenic photosynthetic organisms, which have highly variable putative metal ligands (6, 17, 21) , and will not be further considered here. In "canonical" FDPs the ligands are arranged in a characteristic motif (H-X-E-X-D-H-X (61) -H-X (18) -D-X (60) -H) with the exception of the Desulfovibrio gigas enzyme (23) , where the His adjacent to the Asp ligand is unbound, being replaced by a H 2 O molecule; the mutation of this His residue to Asn or Ala resulted in no changes in the catalytic properties of the Thermotoga maritima FDP (25) . Rubredoxins have been identified as the physiological redox partners for FDPs in a few organisms (reviewed in Ref. 4 ). However, no rubredoxin-encoding genes have been identified in the genomes of E. histolytica or other protozoa encoding FDPs (26 -28) and therefore their physiological partners remain unknown.
FDPs may display distinct substrate specificity: whereas some enzymes are selective for either NO or O 2 , other FDPs are able to reduce both substrates with similar catalytic efficiencies (e.g. the FDPs from Moorella thermoacetica (8) and Desulfovibrio species (9, 29) ). The FDP from Escherichia coli, named flavorubredoxin (FlRd or NorV) (7, 30) , is selective toward NO (30, 31) . FlRd shares a high amino acid sequence identity with the NO-selective FDP from another enterobacterium, Salmonella typhimurium (32) , and indeed this type of FDPs (classified as class B (1)) is highly conserved in enterobacteria. On the other end of the substrate specificity spectrum lie the FDPs from G. intestinalis (10) and E. histolytica (11) that have a marked substrate preference toward O 2 , together with the FDPs from T. maritima (25) and the methanogenic Archaeon Methanothermobacter marburgensis (22) .
The molecular determinants for substrate specificity remain elusive. By comparing the structures of two well characterized enzymes (the O 2 -selective FDP from G. intestinalis and the NO-reducing enzyme from E. coli), we identified two residues in close spatial proximity to the diiron site that differ between the two enzymes: a tyrosine and a lysine in the protozoan FDP replaced by serine and aspartate, respectively, in the bacterial enzyme. This analysis was extended also to other FDPs with clear substrate selectivity, by comparing their crystallographic structures, or through the construction of three-dimensional models and amino acid structural alignments. We subsequently constructed site-directed mutants of the O 2 -selective E. histolytica Fdp1, by replacing those residues (E. histolytica Tyr 271 and Lys 53 ) by residues found in the NO-reducing enzymes from enterobacteria. Herein, these EhFdp1 variants (two single mutants and a double mutant) were thoroughly characterized in terms of their spectroscopic and kinetic properties. The mutated residues proved to modulate the reactivity with O 2 and enhance the reactivity toward NO, supporting the working hypothesis that the residues in these positions contribute to substrate selectivity in FDPs.
EXPERIMENTAL PROCEDURES

Structure Prediction of the E. histolytica EhFdp1 and Amino
Acid Sequence Comparisons-The three-dimensional structure of E. histolytica HM-1:IMSS EhFdp1 (XP_656946) was predicted using I-TASSER (33, 34) with the G. intestinalis FDP (PDB code 2Q9U, chain A) as template. The EhFdp1 structural model was subsequently compared with the structures of the FDPs from G. intestinalis (PDB code 2Q9U), E. coli (PDB code 4D02), M. thermoacetica (PDB code 1YCF), D. gigas (PDB code 1E5D), T. maritima (PDB code 1VME), and M. marburgensis (PDB code 2OHI). Additionally, CLUSTALX (35) was used to align the EhFdp1 amino acid sequence against the FDPs sequence alignment profile, obtained from the superimposition of the above mentioned set of FDPs crystallographic structures using Modeler (35, 36) .
Protein Expression and Purification-Site-directed mutants of the EhFdp1 were generated at GenScript. Direct sequencing confirmed that only the desired mutations were inserted. Expression in E. coli BL21(DE3) Gold cells and purification of wild-type (WT) and mutated EhFdp1 were carried out as previously described (11) . Because the physiological electron donor to the E. histolytica EhFdp1 is presently unknown, we used an artificial reducing system from E. coli: the flavorubredoxin reductase (FlRd-Red) and the rubredoxin domain (Rd-D) of FlRd, that were expressed and purified as described in Ref. 37 .
Cofactor Content Determination-The protein concentration was determined by the bicinchoninic acid (38) . The flavin content was measured by visible absorption spectroscopy after extraction with trichloroacetic acid and neutralization with ammonium acetate as in (39) . Iron was quantitated by the 2,4,6tripydridyl 1,3,5-triazine (40) and the ferrozine (41) spectrophotometric assays, and by inductively coupled plasma-atomic emission spectroscopy at the Requimte Laboratório de Análises, Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa. Results from the three iron quantitation methods were consistent and averaged. The enzyme activities were normalized taking into consideration the iron content of each protein variant.
Oligomeric State Determination-The oligomeric state of the proteins was determined by size exclusion chromatography. The proteins (ϳ2 mg/ml) were loaded onto a Superdex 200 10/300 GL column (GE Healthcare), previously equilibrated with and eluted with 20 mM Tris-HCl, 150 mM NaCl, 18% (v/v) glycerol, pH 7.5.
EPR and Redox Titrations of the Diiron Center and FMN-The diiron center of the FDPs and the corresponding reduction potentials were investigated by EPR spectroscopy, using a Bruker EMX spectrometer equipped with an Oxford Instruments ESR-900 continuous flow helium cryostat. The FMN reduction potentials were determined by redox titrations monitored by visible absorption spectroscopy, in a Shimadzu UV-1603 spectrophotometer. The proteins (about 50 M, for the diiron center titrations and 30 M for the FMN titrations) were anaerobically titrated, under a continuous flush of argon, in 50 mM Tris-HCl, 18% (v/v) glycerol, pH 7.5. Glucose oxidase (280 nM, from Aspergillus niger), catalase (640 nM, from bovine liver), and glucose (1 mM) were added to the reaction mixture to scavenge contaminating oxygen. Redox mediators were used at concentrations of 80 or 0.5 M for the diiron center or the FMN redox titrations, respectively, as in Ref. 37 , and control redox titrations in the absence of the protein were performed to check for possible spectral interferences. The electrodes were calibrated with a quinhydrone-saturated solution at pH 7.0. Redox potentials were normalized against the potential of the standard hydrogen electrode. EPR data were fitted to a Nernst equation for two consecutive one-electron processes. Flavin reduction potentials were determined by singular value decomposition (SVD) analysis, as described below. 
RESULTS AND DISCUSSION
Structural Comparison of the Diiron Active Site- Fig. 1A shows an overlay of the structures of the O 2 -reducing G. intestinalis and NO-reducing E. coli enzymes. At the level of the catalytic center, the two enzymes are very similar: the ligands are strictly conserved, each iron being ligated by the side chains of histidines and aspartates/glutamates. Besides the bridging -(hydr)oxo species and the GiD171 carboxylate, Fe p (the Fe atom proximal to the FMN of the other monomer) is bound to GiH85, GiE87, and GiH152, whereas Fe d (distal to FMN) is bound to GiD89, GiH90, and GiH230 (G. intestinalis FDP numbering). Two striking differences between the two enzymes can be identified: a lysine (G. intestinalis Lys 58 ) replaced by an aspartate (E. coli Asp 52 ) in the E. coli enzyme and a tyrosine (G. intestinalis Tyr 267 ) replaced by a serine (E.coli Ser 262 ) in the E. coli FlRd (Fig. 1A) . These tyrosine or serine belong to the other monomer of the head-to-tail dimer. A structural alignment of the FDPs with known crystal structures shows that most of the enzymes that have been demonstrated to be exclusively oxygen reductases (namely, the FDPs from G. intestinalis and T. maritima), display these differences as compared with the E. coli NO-reducing enzyme (Fig. 2) . In contrast, the FDPs that are not selective for either substrate exhibit different residues combinations at these positions: M. thermoacetica FDP has M. thermoacetica Tyr 54 and Trp 263 , whereas D. gigas FDP has Lys 52 and Trp 263 (Fig. 2) . The enzyme from M. marburgensis, an O 2 selective FDP, may appear an exception, which instead of the tyrosine has a histidine (His 267 ) in the respective sequence position; however, analysis of its three-dimensional structure reveals that M. marburgensis FDP Tyr 25 may have the same role as G. intestinalis Tyr 267 (22) . Interestingly, in the other enzymes compared, this residue is a phenylalanine.
On the basis of this comparison, we decided to undertake a site-directed mutagenesis study of the E. histolytica EhFdp1. As the three-dimensional structure of this enzyme is not yet available, we generated a structural model employing I-TASSER (33, 34), using the structure of G. intestinalis FDP as a template (10) . The obtained structural model also has the tyrosine and lysine found in the G. intestinalis enzyme in the same spatial location ( Figs. 1B and 2) . Therefore, EhFdp1 was used as a working model to mutate the residues at these positions, generating both single mutants (K53D and Y271S) and the K53D/Y271S double mutant.
Biochemical Properties of WT and Mutated EhFdp1-The EhFdp1 variants were successfully overexpressed in E. coli and purified to homogeneity. The WT enzyme and mutants were mainly isolated in their functional dimeric form, except for a minor fraction of the K53D/Y271S mutant in the monomeric state. The WT EhFdp1 and single mutants contained ϳ2 Fe and 1 FMN per monomer; in contrast, the K53D/Y271S mutant showed approximately half of the expected cofactor load, although EPR data ruled out partially occupied diiron sites (see below).
The Flavin Moiety-As one of the mutated residues (Tyr 271 ) is located in the vicinity of the flavin cofactor, possible effects of the mutations on the FMN moiety were assayed by UV-visible absorption spectroscopy and potentiometry. Like the WT protein (11) , all the EhFdp1 variants were isolated in the oxidized state with UV-visible absorption bands with maxima at 377 and 456 nm, characteristic of the flavin moiety. The FMN reduction potentials were determined by anaerobic redox titrations (Fig.  3A) . The spectrum of the fully reduced enzyme was subtracted from those obtained during the titration (inset to Fig. 3A) ; the data illustrate the appearance and subsequent disappearance of an optical species centered at 390 nm, characteristic of the anionic (red) semiquinone. The weak absorption band centered at ϳ600 nm results from the used redox mediators, as deduced by performing control titrations in the absence of the protein.
Consistently, these optical features displayed a redox potential dependence totally unrelated to that of the flavin moiety (not shown), and were thus excluded from the analysis. SVD analysis of the absorption changes measured in the 350 -550 nm range yielded two significant components. The first two columns of the V matrix of the SVD output, scaled by their corresponding singular values, were fitted to a Nernst equation for two sequential one-electron steps (inset to Fig. 3B ). According to Henry and Hofrichter (45) , this allowed us to determine not only the reduction potentials for the transition of oxidized FMN to the semiquinone state and for its full reduction to hydroquinone, but also the absorption spectrum of FMN in the three states (Fig. 3B) .
The same procedure was employed to follow the optical changes and determine the FMN reduction potentials in the EhFdp1 mutants. Results led us to conclude that the mutations have essentially no effect on the redox properties of the flavin moiety (see Table 1 ), or on its optical features (not shown). Accordingly, a similar amount of semiquinone proved to form in each protein variant (0.60 to 0.77 of total FMN), as estimated from the fitted reduction potentials.
The Diiron Center-The presence of the diiron center in the EhFdp1 variants was verified by performing anaerobic redox titrations monitored by EPR spectroscopy (Fig. 4) . EPR data ruled out the presence of partially occupied iron sites, because in the oxidized protein resonances attributable to mononuclear high-spin ferric species (g ϳ 4.3) were not observed (data not shown). This indicates that even in the K53D/Y271S mutant, containing only 1 Fe/monomer, diiron centers with half-occupancy are not present. Consequently, for this variant, there are only two possible populations of each monomer: one with the fully loaded catalytic center and another population depleted of iron, thus inactive. The WT EhFdp1 exhibits in the mixed valence (Fe 3ϩ Fe 2ϩ ) state an EPR spectrum similar to that observed for other FDPs, with g values below 2.0 (11, 20, 37, 46) . In the course of the titration (Fig. 4A) , the spectrum of the mixed valence species appeared and disappeared as the reduction potential decreased. The titration curves obtained by measuring the change in intensity of the resonances at g Ͻ 2.0 as a function of the redox potential were adjusted to a Nernst equation for two sequential one-electron steps ( Fig. 4B and Table 1 ). The potentials of the WT EhFdp1 diiron center (E 1 ϭ ϩ170 Ϯ 20 mV and E 2 ϭ ϩ132 Ϯ 20 mV), particularly the value for the first transition, resemble those reported for the other protozoan FDPs (G. intestinalis FDP: E 1 ϭ ϩ163 mV and E 2 ϭ ϩ2 mV (46); T. vaginalis FDP: E 1 ϭ ϩ190 mV and E 2 ϭ ϩ50 mV (20)). Concerning the mutants, the most noticeable variation is the decrease in the second reduction potential (E 2 ) for the double mutant. Although this could be consistent with an increase in the NO reductase activity (see below), because the standard reduction potential for the reduction of NO to N 2 O is ϩ1,175 mV, it is unlikely that the observed negative shift will modulate the enzyme reactivity. For all mutants, resonances with g values below 2, characteristic of the diiron center in the mixed valence state, were observed (Fig. 4C) . The EPR spectra for WT and K53D EhFdp1 are clearly rhombic, similar to one another and to those of the E. coli, G. intestinalis, and T. vaginalis FDPs (20, 37, 46) . Major differences were observed in the shape and g values of the Y271S and K53D/Y271S mutants, which exhibit quasi-axial spectra, with g max ϳ g med Ͼ Ͼ g min . The Y271S and K53D/Y271S proteins also exhibit an extra resonance with low intensity, also observable in partially reduced samples, probably due to an alternative conformation of the diiron center. Based on the observed spectral changes, we conclude that tyrosine substitution leads to a structural rearrangement in the diiron site vicinity.
Effect of Mutations on the Kinetics of EhFdp1 Oxidation by O 2 and NO-The ability of the reduced EhFdp1 variants to react with O 2 or NO was investigated by stopped-flow absorption spectroscopy at 5°C. Reaction with each of the two substrates resulted in an absorbance increase, due to flavin oxidation mediated by the diiron centers (Fig. 5, A and B) . Along the reaction, one single optical species was detected, corresponding to the difference of the spectrum of the oxidized form minus that of the reduced form (Fig. 5, A and B) . Markedly different time courses were observed for the reaction of WT EhFdp1 with O 2 or NO (Fig. 5C ). The enzyme is indeed highly reactive with O 2 , with 80% of the protein being promptly oxidized within the first 10 ms and the remaining 20% being oxidized on a longer time scale (up to 10 s). The latter kinetic phase likely arises from a minor subpopulation of the enzyme lacking a functional diiron site. Despite the low temperature (5°C), the fast phase of (v/v) glycerol, pH 7.5, was anaerobically redox titrated, by stepwise addition of sodium dithionite. EPR spectra were recorded at 7 K. Panel A, spectra recorded along the titration, with the corresponding redox potentials. Panel B, titration profile of the WT EhFdp1 mixed valence diiron center; dots represent normalized intensities (heights relative to the maximal values) measured at g ϭ 1.95 and 1.77; full line represents the best adjustment using a Nernst equation for two sequential monoelectronic reduction steps, with E 1 ϭ ϩ170 mV and E 2 ϭ ϩ132 mV. Panel C, EPR spectra of the mixed valence diiron center in WT and mutated EhFdp1. Microwave frequency: 9.39 GHz; microwave power, 2 milliwatt; modulation amplitude, 1 millitesla. the reaction is too fast to be time-resolved even by stopped-flow spectroscopy. Under the tested experimental conditions, most of the protein reacts with O 2 (ϳ120 M after mixing) at a rate constant kЈ Ͼ 200 s Ϫ1 , consistent with a second-order rate constant k Ͼ 1 ϫ 10 6 M Ϫ1 s Ϫ1 . In contrast, NO (100 M after mixing) reoxidized the enzyme only at ϳ0.1 s Ϫ1 , i.e. 3 orders of magnitude more slowly than O 2 (Fig. 5) , as reported for the G. intestinalis enzyme (10) .
Under identical experimental conditions, the EhFdp1 mutants display differences in their reaction with O 2 and NO (Fig. 6) , among themselves and as compared with the WT protein. Similarly to the WT protein, all mutants exhibit a protein fraction very rapidly (Ͻ10 ms) oxidized by O 2 and another one oxidized only on a much longer time scale (tens of seconds) (Fig. 6A ). However, whereas the K53D mutant behaves quite similarly to the WT, the Y271S mutant shows a greater fraction (about 30% of the total enzyme) slowly oxidized by O 2 . This behavior is even more pronounced in the K53D/Y271S mutant, where the slowly oxidized fraction amounts to slightly over 50%. Therefore, within the limits of the stopped-flow time resolution, we conclude that the tested mutations, whereas affecting the amount of enzyme kinetically competent in the O 2 reduction process, do not seem to significantly affect the initial rate of enzyme oxidation by O 2 , taking place within a few ms for all variants.
Unlike with O 2 , the reaction of the EhFdp1 variants with NO is suitably time-resolved in stopped-flow experiments and, notably, it displays effects of the mutations fully consistent with the working hypothesis of this study. As shown in Fig. 6B and Table 1 , all mutants are indeed oxidized by NO more quickly than the WT protein. The kinetic effect is modest (2-fold higher observed rate constant) in the K53D mutant, but significantly more pronounced (9-fold) in the Y271S, and even greater (20fold) in the double mutant. Consistent with the results attained with O 2 , the K53D/Y271S mutant displayed the highest heterogeneity, among the tested variants.
In our stopped-flow experiments, we monitored the time course of iron-iron site-mediated flavin oxidation after the rapid mixing of reduced EhFdp1 with an excess of O 2 or NO. Under these experimental conditions, we invariantly observed a single optical species, identical in shape in both kinetic phases and for all protein variants, corresponding to full oxidation of the flavin cofactor. Importantly, the optical intermediates recently reported by Caranto et al. (47) were not detected in our experiments, possibly due to faster electron transfer between the flavin and iron-iron site in E. histolytica EhFdp1 as compared with the T. maritima FDP. Furthermore, in our study no direct information was obtained by EPR or Mössbauer spectroscopy on the reactions taking place at the iron-iron site. This prevents us from correlating the observed time course of flavin oxidation with the chemistry occurring at the iron-iron site, namely with the formation of mono or dinitrosyl diiron sites (see Scheme 1). Nevertheless, our data suggest that the two kinetic phases observed are not related to impaired intramolecular electron transfer or to formation/dissociation of NO species at the catalytic site. Based on these results, a contribution of both mutated residues to substrate selectivity can be envisaged, with a major role of tyrosine 271 at position 2 in Fig. 1 .
Tyr 271 Protects EhFdp1 in Turnover with O 2 -The effect of the mutations on EhFdp1 in turnover with O 2 was investigated by high-resolution respirometry running multiple turnover assays in the presence of an excess of NADH and E. coli FlRd-Red/Rd-D acting as electron carriers. Oxygen consumption measurements were carried out in the presence of catalase and superoxide dismutase to protect the enzyme from reactive oxygen species, particularly H 2 O 2 , generated by the reaction of FlRd-Red with O 2 (42, 43) . Experiments were carried out at 25°C in O 2 -equilibrated buffer to allow the enzymes (50 to 120 nM) to perform a high number (Ͼ8,000) of catalytic cycles with O 2 .
As shown in Fig. 7A , all EhFdp1 variants initially display an almost linear consumption profile, after which they are slowly inactivated. Notably, whereas initially displaying a higher consumption rate, the Y271S mutant is inactivated significantly more quickly (i.e. after much less turnover cycles) than the WT and K53D variants, which behave quite similarly to one another in that respect. The double mutant is even more prone to be inactivated in turnover with O 2 . Control experiments carried out in air-equilibrated buffer (ϳ240 M O 2 ) demonstrated that O 2 consumption follows a linear time course (zero-order kinetics) down to quite low O 2 concentrations (not shown). Altogether, these data suggest that mutation of Tyr 271 results not only in a higher O 2 -reductase reactivity, but more importantly also in a higher propensity of the enzyme to be inactivated in turnover with O 2 .
To determine the V max of O 2 consumption by WT and mutated EhFdp1, we carried out the following stopped-flow experiment. Rd-D, acting as the electron donor to EhFdp1, was pre-reduced anaerobically with NADH and catalytic amounts of FlRd-Red (in the presence of catalase), and then mixed at 25°C with EhFdp1 at low concentration in air-equilibrated buffer. Rd-D oxidation was monitored at 484 nm; due to the relatively high concentrations of Rd-D (in the micromolar range) as compared with EhFdp1 and FlRd-Red (both in the nanamolar range), the latter enzymes did not interfere optically in these assays. In the absence of EhFdp1, direct oxidation of Rd-D by O 2 was negligible, occurring only over tens of minutes (not shown). In contrast, EhFdp1 promptly oxidized Rd-D, following monoexponential curves (Fig. 7B) . To attempt measuring the V max of O 2 reduction by EhFdp1, we varied the Rd-D concentration in the experiment and calculated the rate of O 2 consumption (V O2 ) from the initial rate of Rd-D oxidation. Fig.  7C reports the V O2 values measured at increasing Rd-D concentrations. Fitting these data to the Michaelis-Menten equation, we obtained V max values in the range of 400 -1000 s Ϫ1 (Table 1) , with the Y271S mutant displaying the highest V max among the tested variants. Similar apparent K m values for Rd-D (from 18.8 to 23.5 M) were obtained for WT and mutated EhFdp1. Based on the high V max measured for WT EhFdp1 (400 s Ϫ1 for oxygen, corresponding to 1600 s Ϫ1 in terms of electrons, as O 2 reduction to water requires 4 electrons), EhFdp1 displays a remarkable O 2 -reductase activity, comparable with that of respiratory heme-copper oxygen reductases (48, 49) . It should be recalled that the measured V max may still be underestimated as Rd-D is not the physiological redox partner of EhFdp1. Notably, the Y271S mutant appears to be the most reactive variant toward O 2 , despite its higher propensity to be inactivated under multiple turnover conditions (Fig. 7A ). Altogether, these results suggest that Tyr 271 stabilizes EhFdp1 in turnover with O 2 , possibly preventing the formation of reactive intermediates leading to enzyme inactivation. This indicates that, in the reaction with O 2 , Tyr 271 plays a role in ensuring both catalytic efficiency and preservation of protein activity in turnover.
Effect of Mutations on the NO-reductase Activity-We next attempted to employ the same strategies to assay the effects of OCTOBER 10, 2014 • VOLUME 289 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 28267 mutations on the ability of EhFdp1 to metabolize NO. Consistent with stopped-flow measurements, all mutants proved to be more active than the WT protein, with the double mutant showing the highest NO reductase activity (Table 1 ). However, from a quantitative viewpoint, under turnover conditions the kinetic effect of each mutation (fold-increase relative to WT) was less than measured by stopped-flow spectroscopy for the reaction of the reduced enzyme with NO. As an example, as compared with the WT enzyme, the double mutant, whereas being oxidized by NO ϳ20-fold faster, displayed a ϳ3.5-fold higher NO reductase activity. This suggested a possible underestimation of the NO-reductase activity in amperometric measurements.
Substrate Selectivity in Flavodiiron Enzymes
Therefore, we attempted to measure such activity in multiple turnover experiments by stopped-flow spectroscopy, as carried out with oxygen, i.e. testing the Rd-D oxidation mediated by catalytic amounts of EhFdp1, with NO as the terminal electron acceptor. However, while running the appropriate controls, we noticed that reduced Rd-D reacts promptly with NO over a time scale that interferes with the EhFdp1-mediated oxidation of Rd-D. Moreover, we observed that, by reacting with NO, Rd-D markedly loses its ability to act as a fast electron donor for EhFdp1. This prevented us from measuring the NO-reductase activity of WT and mutated EhFdp1 in stopped-flow multiple turnover experiments. However, it should be emphasized that in the amperometric assays both single mutations increased the NO reductase activity of the enzyme and the double mutant displays a cumulative increase in reactivity toward NO, enforcing the idea that both mutated residues contribute to substrate selectivity of FDPs.
Concluding Remarks-Based on the results herein presented, we conclude that the investigated amino acid residues contribute to modulate the substrate preference in flavodiiron proteins. Particularly, Tyr 271 has a role in controlling the reactivity of EhFdp1 with O 2 and preventing its inactivation in turnover. In respiratory heme-copper oxygen reductases, a tyrosine residue near the active site participates in the oxygen reduction cycle. Notably, this tyrosine residue is missing in respiratory NO reductases, which has been attributed as one of the factors contributing to substrate selectivity in this protein family (50) . It appears that Tyr 271 in EhFdp1 has a protective role in the reaction with O 2 , possibly preventing the formation of intermediates that otherwise could lead to enzyme inactivation. This implies that the remarkably high O 2 reductase activity of the amoebic FDP results from a trade-off between catalytic efficiency and preservation of enzyme activity, where Tyr 271 appears to play a pivotal role.
